Injectable hyaluronic acid bionanocomposite hydrogels: from biomaterial development to biological performance outcomes Rui M. Domingues 1, 2 , Marta Silva 1, 2 , Pavel Gershovich 1, 2 , Stefano Betta 3, 4 , Pedro Babo 1, 2 , Sofia G. Caridade 1, 2 , João F. Mano 1, 2 , Antonella Motta 3, 4 , Rui L. Reis 1, 2 and Manuela E. Gomes Introduction: Injectable hyaluronic acid (HA) hydrogels have been increasingly applied in tissue engineering (TE) envisioning minimal invasive approaches. However, traditional HA hydrogels lack structural integrity that makes them less competitive in strategies where good mechanical properties are required. Here we propose the use of cellulose nanocrystals (CNCs), the nature "carbon nanotubes", as nanofillers and crosslinkers in a fully biobased strategy for the production of reinforced HA nanocomposite hydrogels [1] . Due to their distinct mechanical properties, biocompatibility and excellent aqueous colloidal stability, CNCs are being increasingly considered in hydrogel development targeting biomedical applications [2] . We hypothesise that besides structural reinforcement, in TE strategies the CNC's surface SO 3 groups may also potentially act as semisynthetic mimicry of ECM sulfated glycosaminoglycans, which are known to induce and control specific cell functions on the cellular microenvironment through interactions with soluble biomolecules, e.g. proteins, growth factors (GFs) [3] .
Materials and Methods: In situ crosslinkable and injectable hydrogels were prepared based on hydrazone coupling of adipic acid dihydrazidemodified HA (ADHHA) and aldehydemodified HA (aHA), reinforced with aldehydemodified CNCs (aCNCs) ( Figure  1 ). The hydrogel precursors were fully characterized by several spectroscopic, chromatographic, and imaging techniques, and the hydrogels were characterized in terms of internal morphology, mechanical properties, swelling and degradation behaviour in the presence of hyaluronidase. The biological performance of the developed nanocomposites was assessed towards human adipose derived stem cells (hASCs). Results and Discussion: The incorporation of aCNCs in the hydrogel's network had a remarkable impact over the physical and biological performance of the injectable biomaterial. Nanocomposite hydrogels showed improved microstructure and mechanical properties (increased E' up to 2.7fold compared to unfilled hydrogels), lower equilibrium swelling ratios and higher resistance to bulk hyaluronidase degradation. HACNCs exhibited preferential cell supportive properties in in vitro culture conditions, in both surface cell seeding and cell encapsulation tests. Particularly, hASCs encapsulated in HACNCs hydrogels demonstrated ability to spread within the volume of gels and exhibited pronounced proliferative activity. This impact over cell's behaviour is correlated with the higher structural integrity of the hydrogel matrix and potential interaction of soluble microenvironmental cues with the CNC's surface sulphate groups.
Conclusions: The proposed strategy demonstrated to be a valuable approach for fine tuning the structural, biomechanical and biochemical properties of injectable HA hydrogels. The combined effects of enhanced stability and mechanical properties with the incorporation of mimetic ECM biochemical cues in HACNCs hydrogels, proved to positively impact their biological performance for TE applications. Considering the promising outcomes, we are currently exploring the potential of the developed system when combined with discrete GFs or the GFs pool from platelet lysates in specific TE strategies. The authors acknowledge the financial support from the Project RL1 ABMR NORTE010124FEDER000016 cofinanced by
